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Many therapeutic uses of gene-modified cells could benefit from inclusion 
of a surface marker for immunoselecting transduced cells. Another desired 
feature is a failsafe mechanism to ablate engineered cells if required. We 
describe here a system that combines a cell surface tag and an inducible 
apoptosis mechanism in a single protein. Spencer et al . (Curr. Biol. 
1996;6:839-847) described an inducible cell suicide gene containing a 
myristoylation sequence, the human protein FKBP12, and the intracellular 
domain of Fas. Cells expressing this protein apoptose on treatment with a ^ 
cell-permeable chemical dimerizing agent that binds two FKBP domains and ($0 \ 
cross-links the chimeric Fas proteins. We modified this system by anchoring ' 
a Fas -FKBP construct to the membrane with the extracellular and 0^ vi^ 1 
transmembrane domains of the low-affinity nerve growth factor recepto r n\/d^ 
(LNGFR) , thereby uniting cell~surtace tagging with the inducible apoptosis 
Mechanism. Cells retrovirally transduced with this construct apoptosed on 
exposure to a chemical dimerizer, AP1903 (Clackson et al . , Proc. Natl. j^-isPl 
Acad. Sci. U.S.A. 1998;95:10437-10442). The LNGFR-tagged construct showed ' 
an unpredicted clear advantage over the myristoylat ion-anchored construct 
in its efficiency of signaling in HT1080 cells. This linked marker and 
failsafe mechanism may have particularly attractive safety properties for 
gene therapy. The use of gene-modified cells in basic research and clinical 
studies is enhanced by the use of a selectable surface marker for 
immunoselection of transduced cells. Another desired feature for gene and 
cell therapies is an inducible suicide system to eliminate transduced cells 
when necessary. Spencer et al . (Curr. Biol. 1996;6:839-847) described a 
potential failsafe mechanism whereby exposure of cells to a chemical 
dimerizing agent activates the Fas -mediated apoptotic pathway. In this 
system, the intracellular signaling domain of Fas is linked to one or more 
copies of the human protein FKBP12 . Treatment of engineered cells with a 
cell -permeable chemical dimerizing agent that simultaneously binds to two 

FKBP domains cross -links the chimeric Fas protein and induces 
apoptosis. Here, we modify the system by anchoring a Fas-FKBP construct to 
the membrane with the extracellular domain of the low- affinity nerve growth 

factor receptor (LNGFR) , to unite cell surface tagging of transduced 

cells with the inducible apoptosis mechanism. Cells retrovirally transduced 
with this construct undergo apoptosis on exposure to a chemical dimerizer, 
AP1903. A linked marker and failsafe mechanism may have particularly 
attractive safety properties for gene therapy. 
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BACKGROUND: Receptor tyrosine kinases (RTKs) regulate the proliferation, / C 

differentiation and metabolism of cells, and play key roles in tissue W\- /orK ^ 
repair, tumorigenesis and development. To facilitate the study of RTKs, we /\^. \0 

have made conditional alleles that encode monomeric forms of the normally W 1 * 
heterotetrameric insulin receptor and monomeric platelet -derived growth y >f^ > 
factor (PDGF) beta receptors fused to the FK506-binding protein 12 ^ 
(FKBP12) . The chimeric receptors can be induced to undergo dimerization or 
oligomerization by a small synthetic molecule called FK1012, and the 



consequences were studied in cells and embryonic tissues. RESULTS : When 
equipped with an amino-terminal plasma membrane localization sequence and 
expressed in HEK293 cells, these chimeric receptors could signal to 
downstream targets as indicated by the FK1012 -dependent activation of p70 
S6 kinase (p70 (S6k) ) and mitogen-activated protein (MAP) kinase. In Xenopus 
embryos, the engineered PDGF receptor protein induced the formation of 
mesoderm from animal -pole explants in an FK10 12 -dependent manner. A 
cytosolic variant of the protein underwent efficient transphosphorylation, 
yet failed to activate appreciably either p70 (S6k) or MAP kinase following 
treatment with FK1012. These results provide evidence of a requirement for 
membran e loc alization of RTKs, consistent with current models of RTK 
"signaling"! Conclusion: — We — have developed an approach using the small 
molecule FK1012 to conditionally activate chimeric proteins containing 
FKBP fused to the insulin receptor or to the PDGF beta receptor. Using 
this system, we were able to induce mesoderm formation in Xenopus 
animal -cap tissue and to demonstrate that membrane localization is required 
for RTK signaling in transfected cells. This system should allow the 
further dissection of RTK-mediated pathways. 

Redesigning an FKBP-ligand interface to generate chemical dimerizers with 
novel specificity. 

Clackson T; Yang W; Rozamus L W; Hatada M; Amara J F; Rollins C T; 
Stevenson L F; Magari S R; Wood S A; Courage N L; Lu X; Cerasoli F; Gilman 
M; Holt D A 

ARIAD Gene Therapeutics, Inc., 26 Landsdowne Street, Cambridge, MA 02139, 
USA. 

Proceedin gs of the National Academy of Sciences of the United States of 
America TuNITED _STATES)_ Sep 1 1998 , 95 (TF) pl0437-42, ISSN 0027-8424 
Journal Code: 7505876 

Document type: Journal Article 

Languages : ENGLISH 

Main Citation Owner: NLM 

Record type : Completed 

FKBP ligand homodimers can be used to activate signaling events inside 
cells and animals that have been engineered to express fusions between 
appropriate signaling domains and FKBP. However, use of these dimerizers in 
vivo is potentially limited by ligand binding to endogenous FKBP. We have 
designed ligands that bind specifically to a mutated FKBP over the 
wild-type protein by remodeling an FKBP-ligand interface to introduce a Z^f 
specificity binding pocket. A compound bearing an ethyl substituent in' 
place of a carbonyl group exhibited sub-nanomolar affinity and 1,000-fold 
selectivity for a mutant FKBP with a compensating truncation of a 
phenylalanine residue. Structural and functional analysis of the new pocket 
showed that recognition is surprisingly relaxed, with the modified ligand 
only partially filling the engineered cavity. We incorporated the 
specificity pocket into a fusion protein containing FKBP and the 
intracellular domain of the Fas receptor . Cells expressing this modified 
chimeric protein potently underwent apoptosis in response to AP1903, a 
homodimer of the modified ligand, both in culture and when implanted into 
mice. Remodeled dimerizers such as AP1903 are ideal reagents for 
controlling the activities of cells that have been modified by gene therapy 
procedures, without interference from endogenous FKBP. 
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BACKGROUND: Cell death can occur either from physical damage (necrosis) Q&( 
or cellular suicide (apoptosis) . Apoptosis is essential for the development \ 



of multicellular organisms and disregulated apoptosis underlies many human 
diseases. The Fas receptor (Fas) is a membrane signaling protein that 
mediates a death signal following its aggregation by the Fas ligand. We 
have described methods to induce the association of proteins using 
cell -permeable molecules called chemical inducers of dimerization (CIDs) . 
Here we describe the synthesis of a novel CID, (CsA) 2, that has two 
identical protein-binding surfaces derived from the immunosuppressant 
cyclosporin A (CsA) . We use this CID to deliver a death signal to cells 
expressing a fusion protein containing cyclophilin (CyP, the protein 
receptor for cyclosporin) and the cytoplasmic signaling domain of Fas. 
RESULTS: (CsA) 2 was synthesized in six synthetic steps and 30% overall 
yield from cyclosporin. It binds to two CyP proteins simultaneously, but 
does not inhibit T-cell signaling, presumably because the (CsA) 2 -CyP 
complex does not bind to calcineurin. Jurkat cells stably transfected with 
constructs encoding myristoylated CyP-Fas fusion proteins undergo apoptosis 
in response to nanomolar quantities of (CsA) 2. Constructs containing a 
mutation in the myristoylation signal are defective for signaling. 
CONCLUSIONS: The Fas signaling pathway can be activated with a 
cell-permeable CID derived from CsA in cells expressing an appropriately 
engineered Fas construct, which must be localized at the membrane. This new 
class of homodimerizing CIDs will be useful for in-depth analysis of 
protein association events in complex systems, including transgenic 
animals. Now that several CIDs with distinct dimerization characteristics 
are available, it should be possible to induce the activation of multiple 
pathways with complete specificity. 
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A chimeric gene was constructed encoding the entire murine dihydrofolate 
reductase (DHFR) protein with a carboxyl- terminal extension encompassing 
amino acids 494-795 of the rat glucocorticoid receptor (GR) . The 
chimeric DHFR /GR gene encoded a functional DHFR protein, as measured by 
the ability to transform DHFR-def icient Chinese hamster ovary (CHO) cells 
to a DHFR-positive phenotype . The DHFR/ GR protein bound [3H] dexamethasone 
with • a similar affinity as wild- type GR. Selection of stable CHO 
transf ormants in increasing concentrations of methotrexate resulted in 
increased expression of DHFR/ GR. Addition of dexamethasone, a synthetic 
glucocorticoid agonist, decreased the activity of the chimeric protein, as 
measured by colony formation in selective medium, binding of 
f luoresceinated methotrexate, and direct enzymatic assay for DHFR. Addition 
of RU486, a glucocorticoid antagonist, antagonized the effect of 
dexamethasone. In the absence of dexamethasone, the chimeric protein was 
primarily localized to the cytoplasm. In the presence of dexamethasone or 
RU486, DHFR/ GR translocated into the nucleus. However, RU486 did not 
decrease DHFR activity, distinguishing subcellular location from functional 
activity. These results demonstrate that glucocorticoids negatively affect 
the function of DHFR/GR. 
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Abstract: Background: Receptor tyrosine kinases (RTKs) regulate the 

proliferation, differentiation and metabolism of cells, and play key 
roles in tissue repair, tumorigenesis and development. To facilitate 
the study of RTKs, we have made conditional alleles that encode 
monomeric forms of the normally heterotetrameric insulin receptor and 
monomeric platelet-derived growth factor (PDGF) beta receptors fused to 
the FK506-binding protein 12 (FKBP12) . The chimeric receptors can be 
induced to undergo dimerization or oligomerization by a small synthetic 
molecule called FK1012, and the consequences were studied in cells and 
embryonic tissues, 

Results: When equipped with an amino-terminal plasma membrane 
localization sequence and expressed in HEK293 cells, these chimeric 
receptors could signal to downstream targets as indicated by the 
FK1012 -dependent activation of p70 S6 kinase (p70 (S6k) ) and 
mitogen-activated protein (MAP) kinase, In Xenopus embryos, the 
engineered PDGF receptor protein induced the formation of mesoderm from 
animal-pole explants in an FK1012 -dependent manner. A cytosolic variant 
of the protein underwent efficient transphosphorylation, yet failed to 
activate appreciably either p70(S6k) Or MAP kinase following treatment 
with FK1012, These results provide evidence of? a requirement for 
membrane localization of RTKs, consistent with current models of RTK 
signaling . 

Conclusion: We have developed an approach using the small molecule 
FK1012 to conditionally activate chimeric proteins containing FKBP 
fused to the insulin receptor or to the PDGF beta receptor . Using 
this system, we were able to induce mesoderm formation in Xenopus 
animal-cap tissue and to demonstrate that membrane localization is 
required for RTK signaling in transfected cells, This system should 
allow the further dissection of RTK-mediated pathways. 
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The present invention is directed to novel chimeric 
proliferation receptor 

proteins and DNA sequences encoding these proteins where 
the chimeric proteins 

are characterized in three general categories. In one 
category, the novel 

chimeric proteins comprise at least three domains, namely, 
an extracellular 

inducer-responsive clustering domain capable of binding an 
extracellular 

inducer that transmits a signal to a proliferation 
signaling domain, a 

transmembrane domain and a proliferation signaling domain 
that signals a host 

cell to divide. In the second category, the novel chimeric 
proteins comprise 

at least two domains, namely, an intracellular 
inducer-responsive clustering 

domain capable of binding an intracellular inducer and a 
proliferation 

signaling domain that signals the cell to divide. In yet a 
third category, a 

novel hybrid chimeric protein receptor is contemplated that 
contains an 

intracellular or extracellular inducer domain, a 
transmembrane domain, a 

proliferation signaling domain and an effector signaling 
domain in a single 

chain molecule. Whether the binding domain is 
intracellular or extracellular, 

the binding of inducer to these novel chimeric receptor 
proteins induces the 

clustering of the binding domains to each other and further 
signals the cell to 

proliferate, and optionally, signal an effector function. 
The present 

invention further relates to expression vectors containing 
the nucleic acids 

encoding the novel chimeric receptors, cells expressing the 
novel chimeric 

receptors and therapeutic methods of using cells expressing 
these novel 

receptors for the treatment of cancer, infectious disease 
and autoimmune 
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